ABSTRACT lonophore-stimulated ATPase activity and ATP-dependent quinacrine quench were enriched in parallel when microsomal vesicles were prepared from corn (Crow Single Cross Hybrid WF9-Mo17) roots and collected on a cushion of 10% dextran. Activities were highest in the apical 1.5 centimeters of the roots. Vesicles collected on the dextran cushion also contained NADH cytochrome c reductase (enriched in the apical 0.5 cm of the root) and nucleoside diphosphatase (distributed throughout the first four cm). On continuous sucrose gradients, ATP-dependent proton transport and ionophore-stimulated ATPase In a previous paper (5) we described a proton-translocating ATPase in membranes from corn roots. It was stimulated by C1-and by ionophores, did not appear to be of mitochondrial origin, as it was not inhibited by oligomycin, and differed from the previously described plasma membrane ATPase of corn roots in that it was unaffected by monovalent cations, and was not inhibited by vanadate. Sze (23, 24) suggested that similar vesicles obtained from tobacco callus originated from the plasma membrane and that the ionophore-stimulated ATPase, ATP-dependent methylamine uptake, and ATP-dependent SCN-uptake are the function of a proton translocating ATPase located on the plasma membrane. In this paper we describe preliminary attempts to determine the origin of the vesicles. We present evidence that the proton-translocating ATPase of corn root microsomal membranes is not of plasma membrane origin, and present evidence that the enzyme is likely to be of tonoplast origin. Similar findings have recently been reported for corn coleoptiles (8, 9, 15, 17 Preparation of Vesicles. Sealed microsomal vesicles were prepared by a modification of the method of Sze (23). Corn seeds were germinated between damp paper towels in plastic trays. Root tips (approximately 15 mm in length) of primary and secondary roots of 4-to 5-day-old seedlings were excised into aerated 0.1 mM CaCl2 at room temperature. Roots were ground with a chilled mortar and pestle. The homogenization buffer consisted of 0.25 M sorbitol, 2 mm EGTA, 0.1% f8-mercaptoethanol, 0.1% BSA, and 25 mm Bis-Tris-propane adjusted to pH 7.5 with solid Mes. Approximately 10 ml of buffer/g fresh weight of root was used. The homogenate was centrifuged at 10,000g for 10 min, the mitochondrial pellet discarded, the supernatant centrifuged again at 10,000g for 10 min, the pellet discarded, and the supernatant centrifuged at 80,000g for 30 min to prepare the microsomal pellet. The microsomal pellet was suspended in suspension buffer consisting of 0.25 M sorbitol and 2.5 mm Bis-Tris-propane/Mes (pH 7.2), underlain with 8 ml of 10%o dextran T-70 in the same buffer, and centrifuged at 80,000g for 1 h. The cloudy interface (approximately 50%o of the protein applied to the gradient) was collected from the dextran cushion, and vesicles were stored on ice for 1 to 6 h before use. Vesicles showed little loss of activity for up to 10 h, and activity was preserved for several days if vesicles were frozen in liquid N2.
In a previous paper (5) we described a proton-translocating ATPase in membranes from corn roots. It was stimulated by C1-and by ionophores, did not appear to be of mitochondrial origin, as it was not inhibited by oligomycin, and differed from the previously described plasma membrane ATPase of corn roots in that it was unaffected by monovalent cations, and was not inhibited by vanadate. Sze (23, 24) suggested that similar vesicles obtained from tobacco callus originated from the plasma membrane and that the ionophore-stimulated ATPase, ATP-dependent methylamine uptake, and ATP-dependent SCN-uptake are the function of a proton translocating ATPase located on the plasma membrane. In this paper we describe preliminary attempts to determine the origin of the vesicles. We present evidence that the proton-translocating ATPase of corn root microsomal membranes is not of plasma membrane origin, and present evidence that the enzyme is likely to be of tonoplast origin. Similar findings have recently been reported for corn coleoptiles (8, 9, 15, 17 Preparation of Vesicles. Sealed microsomal vesicles were prepared by a modification of the method of Sze (23) . Corn seeds were germinated between damp paper towels in plastic trays. Root tips (approximately 15 mm in length) of primary and secondary roots of 4-to 5-day-old seedlings were excised into aerated 0.1 mM CaCl2 at room temperature. Roots were ground with a chilled mortar and pestle. The homogenization buffer consisted of 0.25 M sorbitol, 2 mm EGTA, 0.1% f8-mercaptoethanol, 0.1% BSA, and 25 mm Bis-Tris-propane adjusted to pH 7.5 with solid Mes. Approximately 10 ml of buffer/g fresh weight of root was used. The homogenate was centrifuged at 10,000g for 10 min, the mitochondrial pellet discarded, the supernatant centrifuged again at 10,000g for 10 min, the pellet discarded, and the supernatant centrifuged at 80,000g for 30 min to prepare the microsomal pellet. The microsomal pellet was suspended in suspension buffer consisting of 0.25 M sorbitol and 2.5 mm Bis-Tris-propane/Mes (pH 7.2), underlain with 8 ml of 10%o dextran T-70 in the same buffer, and centrifuged at 80,000g for 1 h. The cloudy interface (approximately 50%o of the protein applied to the gradient) was collected from the dextran cushion, and vesicles were stored on ice for 1 to 6 h before use. Vesicles showed little loss of activity for up to 10 h, and activity was preserved for several days if vesicles were frozen in liquid N2.
Sucrose Gradients. Roots were ground in mortar and pestle and a 10,000 to 80,000g microsomal fraction collected, using a similar procedure to that described in the previous section except that 0.25 M sucrose was substituted for 0.25 M sorbitol in all solutions, and the homogenate was centrifuged only once at 10,000g. The 10,000 to 80,000g pellet was suspended in buffered 0.25 M sucrose and layered on a gradient of 15% to 45% (w/w) sucrose, containing I mm DTT and 1 mm EDTA (pH 7.2).
Fluorescence Assays. Decrease in internal vesicle pH was measured as quenching of fluorescence of the primary amine dye, quinacrine (4, 5, 12 washed three times with 4 ml 70% ethanol, placed in scintillation vials with 9 ml of Liqui-Scint (National Diagnostics) and cpm of "4C were determined.
Other Assays. Antimycin A insensitive NADH Cyt c reductase and Cyt c oxidase were assayed according to the method of Hodges and Leonard (10) except that 0.1% Triton X-100 was included during the Cyt c oxidase assay, and appeared to be much more effective than digitonin in stimulating activity. Nucleoside diphosphatase was assayed in the same manner as the ATPase activity, using 1.5 mm UDP or GDP as substrate plus 1.5 mM MnCl2 in 25 mm Bis-Tris-propane/Mes (pH 6.75) at 26°C (18) . RESULTS Balance Sheet. We examined the distribution of various enzyme activities during the preparation of 'sealed' vesicles using methods modified from Sze (23) . Our modifications were the use of sorbitol rather than sucrose, because the rates of proton transport were higher in the presence of sorbitol than of sucrose, and we included two low speed centrifugation steps, at 10,000g, to improve separation of mitochondria from the vesicles containing the protontranslocating ATPase. Table I illustrates the distribution of protein, nucleoside diphosphatase, antimycin A-insensitive Cyt c reductase, and proton transport (quinacrine quench) during a typical procedure for preparing 'sealed' vesicles. The vesicles that collected on the dextran cushion contained 17% of the total pelletable protein, 22% of the total pelletable nucleoside diphosphatase activity, 41% of the total pelletable Cyt c reductase activity and 36% of the total pelletable quinacrine quench activity. The supernatant was still cloudy after centrifugation at 80,000g for 30 min and still contained measurable quinacrine quench activity (not shown).
Nucleoside diphosphatase was used as a marker for golgi (18) . The specific activity of the nucleoside diphosphatase was highest in the second 10,000g pellet, but was also high in the 10,000 to 80,000g microsomal pellet and in the dextran interface fraction.
Antimycin A-insensitive NADH Cyt c reductase activity was ' The method cited should read 0.822% (w/v) ammonium molybdate, not 0.822 M ammonium molybdate. used as a marker for ER. It was most enriched in the 10,000 to 80,000g microsomal pellet and was further enriched by flotation on the dextran cushion. ATP-dependent quench of quinacrine fluorescence, as a measure of proton transport, showed a very similar distribution to NADH Cyt c reductase and was similarly greatly enriched in specific activity by flotation on the dextran cushion.
Mitochondrial marker enzymes were enriched in the l0,000g
fraction (Table II) and only 1% of the total Cyt c oxidase and 4% of the total pH 8.5 oligomycin-sensitive ATPase were collected on the dextran interface, while the majority of the mitochondrial membranes found in the microsomal pellet passed through the dextran cushion and were found in the dextran pellet. Enzyme Activities as a Function of Root Length. We discovered empirically that better rates of proton transport were obtained when vesicles were prepared from short roots than from long roots, or when only the first 1 to 2 cm of root was used. To test this observation, we examined proton transport and ionophorestimulated ATPase as a function of root length, along with nucleoside diphosphatase and NADH Cyt c reductase activity (Fig.  1 ). Roots were excised into 0.5-cm segments, the segments were pooled according to distance from the apex, microsomal vesicles were prepared and sealed vesicles were collected on dextran cushions.
The greatest total amount of protein, the most protein/g. fresh weight and the highest total activities of all enzymes were found in the vesicles prepared from the apical 0.5 cm of root. Total protein and total activities declined with distance from the apex. Specific activities were calculated. There was no increase in nucleoside diphosphatase activity near the apex, contrary to the results expected if the nucleoside diphosphatase originated primarily from the secretory vesicles of the root cap. NADH Cyt c reductase was greatly increased in the apical 0.5 cm segments, as might be expected in a portion of the root involved in rapid cell division, growth and high rates of protein synthesis. The specific activities of the gramicidin-stimulated ATPase and quinacrine quench declined with root length and were highest in the membranes prepared from the first 2 cm of root. Two possible explanations are that the membranes containing the proton-translocating ATPase were more numerous in the root tip, or that activities of enzyme-degrading and membrane-degrading vacuolar components were higher in the older root segments, so that vesicles obtained from the older root segments were more heavily damaged during isolation.
Gradients. Different membrane types from corn tissues can be separated, to some extent, by centrifugation on continuous sucrose gradients (14, 19) . Characteristic densities have been assigned to membranes from ER, golgi, plasma membrane, and mitochondria (21) . It was of considerable interest to determine if the vesicles capable of proton transport were similar in density to vesicles of known origin, and to compare the distribution of the ionophorestimulated ATPase and of proton transport (quinacrine quench) with enzyme markers for ER, golgi, plasma membrane, and mitochondria.
Before attempting to measure transport in vesicles collected from sucrose gradients, we tested the effect of high sucrose concentrations on transport (Fig. 2) . Microsomal membranes, prepared using 0.25 M sucrose rather than 0.25 M sorbitol, were incubated for 4 h in concentrations of sucrose ranging from 2.0% to 36% (w/w). Identical rates of quench were obtained for all concentrations of sucrose tested (two examples are shown in Fig.  2 )so it seemed likely that all transport activity could be recovered if vesicles were centrifuged into sucrose gradients.
Microsomes were prepared in buffered sucrose solutions, applied to 15% to 45% continuous sucrose gradients and centrifuged at 80,000g for 2 h (Figs. 3 to 6 ). Quinacrine quench was distributed in a broad peak from 1.08 g/cc to 1.15 g/cc with a peak at 1.10 to (11) reported that aggregation of membranes was a problem when membranes were prepared from the densely cytoplasmic barley aleurone tissue and perhaps there were similar reasons for aggregation in the membranes prepared from a region of the root more densely cytoplasmic (Fig. 1 ) than that used in previous studies. The majority of all marker enzyme activities were found at a greater density than that of the membranes containing the protontranslocating ATPase. When similar vesicles were prepared from corn coleoptiles (15, 17) , NADPH Cyt c reductase was not separable from the proton-translocating vesicles on sucrose gradients, although they were separable on a continuous dextran gradient. We found that the majority of the NADH Cyt c reductase was separable from the proton-translocating vesicles because of the tendency of the vesicles containing NADH Cyt c reductase to move to the unusually high density of 1.15 g/cc despite the presence of 1 mm EDTA. Similarly, the f?-glucan synthetase II activity, used as a marker for the plasma membrane, overlapped the fi-glucan synthetase I activity (Fig. 5) used as a marker for golgi, but both were completely separable from a large portion of the proton transport activity.
Mitochondrial enzymes were separated from transport by the dextran cushion procedure (Table I ) and similarly were separated by the sucrose gradient (Fig. 6 ). There was no Cyt c oxidase or pH 8.5 azide-sensitive ATPase in the fractions containing the majority of the proton-translocating ATPase. We are satisfied we have demonstrated that plasma membrane markers are separable from the proton-translocating ATPase, but would have difficulty in using the same procedure to obtain an unambiguous preparation of plasma membrane, golgi, or ER vesicles. Considerable pH 6.5 ATPase was found throughout the gradient, distributed in three peaks (Fig. 4) . Separate analysis of the ATPase activity of the three peaks (at 37°C and pH 6. (17) suggested the vesicles may be of tonoplast origin. Hager et al. (8) reported that the proton-translocating ATPase from corn coleoptiles coincided with markers for NADH Cyt c reductase and suggested they originate from ER, but they did not attempt the additional separation procedure used by Mettler et a!. (17) . The distribution of the vesicles on sucrose gradients showed a remarkable similarity to the distribution of tonoplast membranes on sucrose gradients (2, 3, 25) . It seems appropriate to suggest that the sealed vesicles containing a proton-translocating ATPase originate from a compartment that maintains a sizeable pH gradient, such as the vacuole. Actual isolation of vacuoles from corn roots and coleoptiles would be needed to confirm or repudiate the suggestion that the H+-ATPase is of tonoplast origin. However, small vacuoles are acid compartments that are abundant in the first centimeter of corn roots (16) and are a likely source of the H+-ATPase.
